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(57) Abstract 



The electric energy generated by a piezoelectric device PEG (10), when mechanically stressed, is transferred from the PEG (10) to 
?,n\° ra !i e ^ T nt (C 1- 3 ca P aci,or < C1 > or a batterv ) by selectively coupling an inductor (LI) in the conduction path between the PEG 
10) and the storage element (CI) In one embodiment, the transfer of energy is optimized by allowing the amplitude of the electric signal 
Fl^^h Mrt?" 5 ,ransfel ™g. ,he electrical via an inductive network (LI) to a capacitor (CI) or a battery for storage. 
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by the PEG 00^ " C °" P '° ,nductlve - ca P ac ' t,ve »«"™* (LI, CI) for absorbing and storing the energy produced 
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POWER TRANS FER OF PIEZOELECTRIC GENERATED KNKRQY 
BACKGROUND OF THE INVENTION 

This invention relates to piezoelectric transducers 
and, in particular, to means and methods for optimizing 
the transfer of energy produced by piezoelectric 
transducers to a load. 

Piezoelectric transducers are made of materials 
which possess the property of being able to transform 
mechanical force into electrical energy. This is 
generally accomplished by altering the position of the 
molecules in the polymer material. When stressed in one 
direction and then in an opposite direction, 
piezoelectric transducers produce electrical energy in 
the form of an alternating current signal. The amplitude 
and the signal of the generated electric signal may vary 
considerably . 

The amplitude of the generated electrical signal is 
a function of the size of the piezoelectric device and 
the level of strain or stress applied thereto. The 
frequency of the generated electrical signal is a 
function of the frequency of the stress and strain to 
which the piezoelectric device is subjected. 

It is an object of this invention to optimize the 
transfer of the energy produced by a piezoelectric 
transducer to a load. 



1 
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SUMMARY OF THE INVENTION 

Applicant's invention resides, in part, in the recognition 
that power transfer from a pie.oelectric device operated as a 
generator of electricity (PEG) may be optimized by allowing the 
amplitude of the electrical signal developed by the PEG to reach a 
peak value before transferring the electrical energy via an 
inductive network to a capacitor or a battery for storage. 

Applicant's invention also resides in the means and the method 
for enabling a PEG to be operated without significant loading 
(e.g., essentially open circuited) when the amplitude of the 
voltage generated by the PEG is increasing, for sensing when the 
amplitude of the voltage has peaked, and for then coupling the 
electrical signal generated by the PEG into an inductive-capacitive 
network for absorbing and storing the energy produced by the PEG. 

Applicant's invention also resides in the recognition that 
power may be transferred very efficiently from a PEG to a storage 
means (e.g., a capacitor or a battery) by selectively coupling an 
inductor in the conduction path between the PEG and the storage 
means . 

BRIE F DESCRIPTION OF THE DRAWINGS 
In the accompanying figures like reference characters denote 
like components; and 

FIGURE 1 is a schematic diagram of a circuit embodying the 
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invention ; 

FIGURE 1A is a schematic diagram of an equivalent circuit of a 
piezoelectric device operated as a piezoelectric 
generator (PEG) ; 

FIGURE 2 is a schematic diagram detailing a suitable peak detector 

circuit for use in circuits embodying the invention; 
FIGURE 2A is a block diagram of a circuit for producing a local 

direct current (dc) voltage; 
FIGURE 3 is a diagram of waveforms produced at various nodes of the 

circuit of Figs. 1 and 2 in response to the piezoelectric 

transducer being stressed; 
FIGURE 3A is an expanded version of part of waveform C of Fig. 3; 
FIGURE 4 is a schematic diagram of another circuit embodying the 

invention ; 

FIGURE 5 is a more detailed schematic diagram of part of the 

circuit of Fig. 4; 
FIGURE 6 is a diagram of waveforms produced at various nodes of the 

circuit of Figs. 4 and 5; 
FIGURE 7 is schematic diagram of still another circuit embodying 

the invention; 

FIGURE 8 is a block diagram illustrating combining the voltage 

outputs from a multiplicity of PEGs; 
FIGURE 9 is schematic diagram of another circuit embodying the 

invention; and 

FIGURES 9A, 9B and 9C illustrate different switching elements 
useable in circuits embodying the invention. 
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DETAILED DESCRIPTION OF THE INVKNTTOM 

FIGURE 1 shows a piezoelectric generator (PEG), 10, having an 
output (VI) connected between terminals 12 and 14 and a full wave 
rectifier network 16 comprised of diodes Dl, D2 , D3 and D4 . PEG 10 
may be formed from many different materials and may have many 
different shapes and may be stressed in many different ways (e.g., 
shocked, twisted, stretched, squeezed, etc.) to produce an 
electrical signal across its output. By way of example, 

piezoelectric devices intended for use as generators and various 
means for stressing these devices are shown and discussed in the 
following patents and patent applications assigned to the present 
assignee: (a) US Patent 4.404,490, titled Power Generation From 
Waves Near the Surface of Bodies of Water, issued 9/13/83 to George 
W. Taylor et al . ; ( b) US Patent 4,685,296 titled Ocean Wave Energy 
Conversion Using Piezoelectric Material Members, issued 6/11/87 to 
Joseph R. Burns; and (c) Application S/N 08/404,186 titled 
Frequency Multiplying Piezoelectric generators filed 3/13/95 for 
Charles B. Carroll. The teachings of these references are 
incorporated herein by reference. Of particular interest, there is 
disclosed in Application S/N 08/404,186 a means to increase the 
amount of electricity produced by an ocean driven piezoelectric 
generator (PEG) by increasing the frequency of piezoelectric 
straining. Cantilever beam shaped piezoelectric modules are 
strained multiple times by a cam shaft, or other cam arrangement, 
each time a wave passes as compared to one strain cycle per 

PEG 10 has two output terminals 12,14 across which an 
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electrical signal may be generated when PEG 10 is stressed. PEG 10 
may be stretched, compressed/ twisted, snapped, banged, or shocked 
in many different ways to produce an electrical signal as shown, 
for example, in waveform B of Fig. 3. In Fig. 1A, PEG 10 is 
represented by an equivalent circuit comprised of a voltage 
generator (V pgG ) in series with a capacitor (C pEG ) and a resistor R FEG . 
The equivalent circuit shown in FIG . 1A is a theoretical 
representation of the PEG and is included to provide a better 
understanding of the operation of the circuit. However, what is 
shown in Fig. 1A is a simplistic model which may not be accurate 
and should not be construed to limit the teachings of this 
application , 

The rectifier network 16 of FIGURE 1 has two input terminals, 
connected to output terminals 12 and 14 of the PEG, and two output 
terminals, 18 and 20. The anode of Dl and the cathode of D4 are 
connected to terminal 12 while the cathodes of Dl and D3 are 
connected to a terminal 18. The anodes of diodes D2 and D4 are 
connected to a terminal 20, which is designated as ground, and the 
cathode of D2 and the anode of D3 are connected to terminal 14 . So 
connected, a positive going signal produced by PEG 10 causes a 
current to flow from terminal 12 via diode Dl into terminal 18 and 
via a load connected between terminals 18 and 20 and then via diode 
D2 into terminal 14. A negative going signal produced by PEG 10 
causes a current to flow from terminal 14 via diode D3 into 
terminal 18 and then from terminal 18 into terminal 20 via a load 
connected between the two terminals and then via diode D2 into 

5 



BNSDOCID: <WO.._. 971 5876A !..! _> 



WO 97/15876 



PCT/US96/16806 



terminal 14 . 

The signal produced at terminal 18 will then always be, or go, 
positive with respect to the voltage at terminal 20; which is 
assumed to be at ground potential. For the condition of the 
applied force shown, for example, in waveform A of FIG. 3, a 
voltage VI of the type shown in waveform B of FIG. 3 may be 
produced, and in response thereto a full wave rectified voltage V2 
would be produced across terminals 18 and 20, as shown in waveform 
C of FIG. 3. Note that waveform C of FIG. 3 results from the 
condition when there is no load connected between terminals 18 or 
20, or, when a purely resistive load is connected between terminals 
18 and 20. For such a condition (no load or resistive load), the 
signal at terminal 18 would be a fully rectified signal as shown 
for times t0-to-t20 in waveform C of Figure 3. 

The circuit of Figure 1 includes an inductor LI connected 
between terminal 18 and a node 22 to which is connected the anode 
of a silicon controlled rectifier (SCR) SI. The cathode of the SCR 
SI is connected at terminal 24 to one plate of a storage capacitor 
CI whose other plate is connected to a ground terminal 20. 

The turn-on of SCR, SI, is controlled by means of a voltage 
sensing and control circuit 26. Control circuit 26, as detailed in 
Figure 2, is designed to turn-on the SCR Si immediately after the 
voltage (V2) at terminal 18 has peaked and starts to drop after 
undergoing a positive going transition. The SCR Si ia then 
switched on and the energy generated by PEG 10 is transferred via 
inductor LI and SCR SI into capacitor Cl . The turn-on of the SCR , 



WO 97/15876 



PCT7US96/16806 



SI, causes a current to flow through inductor LI into capacitor CI, 
charging it up. Thus, when SCR, SI, is switched-on, the energy 
generated by PEG 10 is transferred via inductor LI and SI into 
capacitor CI . 

Referring to FIG . 2, note that circuit 26 includes a resistor 
R2 connected between terminal 18 and node 21 to which are connected 
one end of resistors R3 and R5 and the positive (+) input terminal 
7 of a comparator Al . Comparator Al may be, for example, any one of 
a number of operational amplifiers connected to function as a 
comparator. The other end of resistor R3 is connected to node 23 
to which are connected one end of a resistor R4 , one plate of a 
capacitor C4 and the negative (-) input terminal 6 of comparator 
Al, The other ends of resistors R4 and R5 and the other plate of 
capacitor C4 are returned to ground. The output terminal of 
comparator (amplifier) Al is connected via a resistor R6 to a node 
25 to which is connected the base of a PNP bipolar transistor Ql 
and one end of a resistor R7 . The emitter of Ql and the other end 
of resistor R7 are returned to a terminal 30 to which is applied a 
positive operating potential identified as Vcc . Vcc may be a 
direct current (dc) voltage derived from terminal 24 and/or from 
terminal 18, as shown in Fig. 2A. However, in some applications 
(such as in FIG. 4) it is preferable that the source of the Vcc 
voltage be a well defined regulated voltage. The collector of Ql 
is connected to a terminal 27. A resistor R8 is connected between 
terminal 27 and ground and a coupling capacitor C5 is connected 
between terminals 27 and 28. A biasing resistor R9 and a diode D5 
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are connected in parallel between terminal 28 to which is connected 
the gate of SCR SI, and output terminal 24. Note that D5 is poled 
to conduct current from terminal 2 4 into terminal 28. Note also 
that amplifier Al is connected between power terminals 30 and 20. 

The operation of circuit 26 is as follows. Assume that 
initially terminal 18 is at ground potential and that the voltage 
(V2) at terminal 18 begins to increase. So long as V2 is 
increasing, the voltage at node 21 is equal to, or greater than, 
the voltage at node 23. Then, so long as the voltage applied to 
the positive (+) input terminal of Al is equal to or greater than 
the voltage applied to its negative (-) input terminal, the voltage 
at the output terminal 01 of Al is high or Vcc volts. For this 
condition, Ql is turned off. when the voltage V2 begins to 
decrease (after having risen) the voltage at node 21 drops faster 
than the voltage at node 23. This is so because capacitor C4 tends 
to maintain and hold the voltage at node 23. Thus, when the 
voltage at terminal 18 drops, the voltage at node 21 drops with it 
while the voltage at node 23 tends to remain at its previous value. 
Consequently, following a peak at terminal 18, the voltage at the 
negative input terminal (6) of Al goes positive with respect to the 
voltage at the positive input terminal (7) of Al and the output 01 
of Al goes low. when Ol of Al goes low, transistor Ql is turned 
on. When Ql turns-on, a positive going voltage level is produced 
at terminal 27. The positive going level is coupled via capacitor 
C5 to produce a positive going pulse which is applied to the gate 
electrode of SCR SI, turning it on. The use of an SCR is 
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advantageous in that an SCR has a very low impedance (i.e., can 
carry large currents without significant voltage drops), will 
remain on once triggered into conduction and will turn-off 
automatically when the current therethrough goes below a level 
known as the holding current of the SCR. 

When SI is turned on, a circulating current flows from 
terminal 18 via inductor LI and through the anode to cathode path 
of SI into terminal 2 4 charging capacitor CI. The circulating 
current flows through CI into terminal 20 and either through diodes 
D4/D1 or D2/D3 and back to terminal 18. When SI turns on, the 
voltage at terminal 18 drops because of the loading of LI and CI 
and also because the voltage V2 at terminal 18 continues to 
decrease. As V2 decreases, the current through Ll tends to 
decrease. However, the magnetic flux in Ll is such that the 
current through Ll continues to flow in the same direction as 
before tending to keep charging CI and to raise the potential at 
terminal 24, The charging current flows until the amplitude of the 
loop current drops below the holding current level of the SCR SI. 
When that occurs the SCR SI turns of. Once SCR SI is turned off, 
it will remain turned-off until another charging cycle is initiated 
(i.e., until after the voltage at terminal 18 peaks, following 
which a positive turn-on pulse is applied to the gate of SCR SI). 

The efficiency of the circuitry shown in Figures 1 and 2 in 
transforming an electrical alternating current (AC) voltage applied 
between terminals 12 and 14 to a DC voltage at terminal 24 was 
measured to be in the range of 60% to 90% . 
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To explain more fully the operation of the circuit of Figures 
1 and 2, reference is made to Figure 3. 

Waveform A of Figure 3 depicts an increasing mechanical force 
applied to PEG 10 between time to and tl, causing PEG 10 to be 
stressed. At time tl the force was released and PEG 10 was allowed 
to resonate freely. Waveform B of FIG. 3 , which is a damped 
oscillator signal, illustrates, at once, both the physical and 
electrical oscillations and vibrations which the PEG 10 may undergo 
about a rest (or null) position after being stressed beginning at 
time to and then released at time tl . Thus, the electrical voltage 
(VI), developed across output terminals 12 and 14 of PEG 10, 
follows the physical vibration and may, therefore, have the form 
shown in waveform B of Figure 3. 

The output voltage (VI) of PEG 10 is applied to a full wave 
rectifier network 16 to produce an output voltage (V2) at terminal 
18. V2 may have the form shown in waveform C for the condition 
where there is no load, or only a resistive load, connected between 
terminals 18 and 20 of rectifier network 16. Waveform D represents 
the waveform of V2 at terminal 16 when a switched LC network is 
coupled across the rectifier output, as shown in Figures 1 and 2, 
and PEG 10 is stressed as shown in waveform A of FIG . 3 to produce 
an output as shown in waveform B, 

Referring to waveform D, note that the voltage V2 rises from 
a time tO to a first peak value at time tl, during which time 
interval SCR SI is off. Then, as the voltage begins to drop, the 
SCR si is turned on at time tl f , shortly after tl . when SI turns 

10 
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on at time tl f , as discussed above, the voltage at terminal 18 is 
loaded by the insertion of inductor LI in series with capacitor CI 
between terminals 18 and 20, causing energy to be transferred to, 
and stored in, the inductor LI and causing a current to flow and 
charge CI. The LI, CI load, connected in circuit with PEG 10, 
causes the already dropping voltage at terminal 18 to drop further 
and more sharply. However, a relatively large charging current 
flows through the series combination of LI, SI and CI. The 
charging current decreases with time, but so long as the charging 
current through switch SI is greater than the holding current of 
SI, the latter will remain on. When the charging current drops 
below the holding current of SI, the latter turns off. 

As already noted, at time tlf, the SCR SI is switched on and 
a circulating current flows through LI, SI, CI and the diode 
rectifying network. The circulating current causes the voltage at 
terminal 18 to drop very sharply as shown for time tlf to time tlfa 
(and every point tif after a peak). However, as shown in expanded 
form in FIG. 3A, there is sufficient time (e.g., tlf to tlfa and 
t3f to t3fa) for a substantial amount of energy to be stored in the 
inductor LI and capacitor C12, combination. Thus, even as the 
voltage at terminal 18 decreases towards ground, current continues 
to flow through inductor LI and capacitor Cl. That is, as the field 
through the inductor collapses, the voltage across the inductor 
reverses but current continues to flow through the inductor in the 
same direction as before. Current continues to flow until the 
amplitude of the current through SI drops below the value of the 

11 
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holding current of SCR SI. When that occurs, SI turns off. 

An important aspect of the invention is that it enables 
voltage boosting. This is best explained by first noting that the 
amplitude of the voltage produced at terminal 18 may substantially 
exceed the amplitude of the initial cycle. This is illustrated in 
waveform D of Fig. 3, where the amplitude "A" of the first cycle 
(at time tl ) is exceeded by the amplitude ( B , C, D, E) of the 
voltage produced during the next four cycles (at times t3, t5 , 
t7)...). To understand this phenomena note that at time tlfa, the 
voltage at terminal 18 is at, or close to, zero volts. At the same 
time, PEG 10 is physically at a distance "dl» above the rest (or 
null) position and will continue to travel a distance »d2" below 
the null position. When travelling the distance from dl to d2, PEG 
10 undergoes a stress proportional to the length of travel "dl+d2", 
which produces a voltage which increases from time tlfa to time t3. 
Since the voltage produced from time tlfa to time t3 rises above 
the approximately zero voltage present at time tlfa, the amplitude 
"B- of V2 at time t3 is much greater than the amplitude "A" of V2 
at time tl. This significantly larger voltage is coupled at time 
t3f to the LI and CI network when SI is turned on at time t3f . As 
illustrated in waveform D , there are several cycles during which 
the voltage at terminal IB exceeds the amplitude of the first 
cycle. The production of enhanced amplitude voltages may be also 
appreciated by comparing waveform D to waveform C. Thus, in 
circuits embodying the invention, increased amplitude voltages are 
being produced even while the amplitude of the physical excursions 
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of PEG 10 are decreasing. 

As discussed above, during the portion of the cycle ( tO to 
tl f ; tlfa to t3 Y ; t3fa to t5 f ; t5fa to t7 f ; etc.) when the voltage 
produced by the PEG is increasing; the PEG is not loaded by the 
LI /CI components, allowing the maximum voltage amplitude that can 
be developed to, in fact, be developed. After the voltage 

amplitude reaches a peak (i.e., at times tl f , t3 f , t5 f etc.) 

SCR SI is turned on and inductor LI and capacitor CI are connected 
in circuit across the output terminals, 18 and 20, of rectifier 
network 16. When the inductor and capacitor are switched across 
the rectifier output, current flows through the inductor LI and 
capacitor CI. As the voltage V2 decreases, the current through LI 
and CI continues to flow in the same direction as before. When the 
amplitude of the current through LI decreases below the holding 
current of SCR SI, the SCR turns off. 

As shown in waveforms D and E of FIG. 3, each time after the 
voltage V2 peaks and starts to drop, a turn-on pulse is produced 
and applied to the gate of SCR SI. Each time SI turns-on, 
additional energy is transferred from PEG 10 for storage in 
inductor LI and capacitor CI . 

The energy transferred to the LI and CI networks causes a 
current (I) to flow in capacitor CI, which current causes the 
voltage across CI to increase by the well known relationship of 
V«(I/C)AT. As shown in waveform F of Figure 3, the voltage across 
capacitor CI increases incrementally each time an additional amount 
of current is coupled into the capacitor CI. 

13 
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The voltage across CI results in an energy storage of 1/2 CV 2 . 
It is significant that the energy stored in a capacitor increases 
as the square of the voltage. Hence, where the voltage is doubled, 
the stored energy goes up by a factor of four (4). Accordingly, 
Applicant's invention optimizes this result. 

In the circuit of Figs. 1 and 2, very high voltages may be 
generated across the output terminals (18,20) of rectifier network 
16. To limit the voltage V2 at the output of network 16, the 
circuit of Figs. 1 and 2 may be modified as shown in Figure 4 which 
is similar to that of Figure 1, except that in Fig. 4, an amplitud 
detector circuit 46 has been added, in addition to the peak 
detection network 36, to turn on transistor Ql whenever the 
amplitude of the voltage V2 at terminal 18 exceeds a predetermined 
value. This is done to prevent too high a voltage to be developed 
at terminal 18 and at other points of the circuit where such a high 
voltage might cause breakdown of certain components or to enable 
the circuit to be manufactured with lower breakdown, and hence, 
lower cost components . 

The amplitude detector network 46 includes: a) a first 
resistor divider network comprised of a resistor R47 connected 
between terminals 18 and a node 47 and a resistor R48 connected 
between node 47 and ground terminal 20; b) a second resisto 
divider network comprised of a resistor R49 connected between a 
terminal 30 to which is applied a regulated operating voltage 
(i.e., Vcc volts) and one end of a potentiometer R50a and a 
resistor R50 connected between the other end of R50a and ground 

14 
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terminal 20. A wiper arm 48 on resistor 50a is connected to one 
input ( + ) of a comparator A2 and another input (-) of comparator 4 6 
is connected to node 47 . 

In the circuit of Figure 4, two SCR's (S1A and SIB) are 
connected in series between terminals 18 and 24, The use of two 
SCR's connected in series allows components with lower voltage 
breakdown values to be used. In the circuit of Figure 4, the two 
SCR's, S1A and SIB are turned on at the same time by means of 
secondary windings TS1, TS2 of a transformer Tl being connected 
between their respective gates and cathodes. When a turn-on pulse 
is applied to the primary TP1 of Tl , turn-on pulses are 
concurrently generated across the secondaries, TS1 and TS2 , in a 
direction to turn-on S1A and SIB. 

The amplitude detector 46 is set such that whenever the 
voltage at node 47 exceeds the voltage applied to node 48, the 
output of comparator A2 goes low, turning-on Ql and producing a 
pulse at the collector of Ql which is coupled via a capacitor C5a 
to the primary winding TP1 of transformer Tl . The pulse is then 
coupled to the secondary windings TS1 and TS2 of transformer Tl to 
turn-on S1A and SIB simultaneously. 

For example, where V2 may reach peak values of 2,000 volts, or 
more (if uncontrolled), and it is desired to limit the voltage at 
terminal 18 to 1,000 volts, amplitude detector 46 would be set to 
produce a turn-on signal to Ql whenever V2 at terminal 18 is about 
1,000 volts. For this condition (i.e., V2 is about 1,000 volts) 
detector 46 would turn on Ql which would apply a turn-on pulse to 
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the primary of transformer TP1. However, note that for the 
condition where the peak voltage at terminal 18 is, or would be, 
1,000 volts or less, the peak detector 36 would respond and turn-on 
Ql, as discussed above for Figures 1 and 2. 

In Fig. 4 a diode, DL, is connected between output terminal 2 4 
and a further output terminal 29. The diode DL functions to 
isolate terminal 29 from a short circuit or other problem 
associated with, or present at terminal 24, as discussed below for 
Figure 8. The isolating diode enables two, or more, power 
conversion circuits of the type shown in Figures 1, 2 and 4 to be 
connected together at terminal 29 to drive a common load present at 
terminal 29 . 

The voltage developed at output terminal 24 and/or the voltage 
developed at output terminal 29 may be applied to a DC to DC 
converter 51 to generate the voltage Vcc, distributed via line 30, 
which will be a regulated, relatively well defined operating 
potential useable to produce desired reference voltages. 

Figure 5 shows in greater detail circuitry used to implement 
the peak detector circuit 26 and the amplitude detector circuit 46. 
In Figure 5, a capacitive divider network comprised of capacitors 
C5, C6 and C7 is connected between terminal 18 and ground to 
produce a divided down lower amplitude voltage (VD) which is 
applied to and sensed by the peak detector network. Except for the 
voltage divider network, the peak detector network of FIG. 5 (Al, 
R2a, R5a, R2b, C4 , R57 and D57 ) is similar in structure and 
operation to that of FIG. 4. Likewise, the amplitude detector 
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network of FIG. 5 (A2, R47, R48, R49, R50a and R50) is similar to 
that of FIG, 4 and need not be further detailed. Furthermore, as 
discussed for Fig. 4, the operation of the circuits of Figures 4 
and 5 is similar to that of Figures 1 and 2 except that SCRs S1A 
and SIB are turned on: 

a) whenever the voltage V2 exceeds a predetermined voltage 
value (e.g., 1,000 volts); or 

b) following the detection of a peak voltage condition. 
Figure 6 shows the waveforms produced at various nodes of the 

circuit of FIGs . 4 and 5. The resultant shape of V2 is shown in 
waveform C of Figure 6 and the timing of the pulses turning-on SCRs 
S1A and SIB is shown in Waveform D of Figure 6* The voltage 
developed across capacitor CI is shown in Waveform E of Figure 6. 
Note that there is an incremental increase in the voltage developed 
across CI each time the SCR's are turned-on. 

In Figures 1, 2 4, and 5, the switching means for selectively- 
coupling the LI /CI network across terminals 18 and 20 are SCRs. 
Other switching means may be used. Figure 7 shows that the SCR may 
be replaced by a transistor switch SI. Fig. 7A shows that SI may 
be a field-effect transistor (FET) and Fig. 7B shows that SI may be 
a bipolar transistor. The transistor switch shown in Fig. 7A may 
be an insulated-gate FET (IGFET) of P or N conductivity type; 
Likewise, the bipolar transistor switch shown in Fig. 7B may be a 
bipolar transistor of p or N conductivity type; with the transistor 
having collector (C) and emitter (E) regions defining the ends of 
its main conduction path and a control (base) electrode. Where and 
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when a transistor switch is used (instead of an SCR), an 
appropriate control circuit must be coupled to the control 
electrode of the transistor switch to ensure that it is turned-on 
at an appropriately selected voltage or time condition and that it 
is turned-off at the end of each charge cycle and that it remains 
turned-off until selectively turned-on. This is illustrated in 
Figure 7 by means of control circuit 71 having an output 73 
connected to the gate or control electrode of the switch means SI, 
Figure 8 shows in block diagram form that the output 
terminals, 24i, of a multiplicity of PEGs, lOi, may be 
interconnected via isolating diodes <DLi) to charge a common 
storage element represented by a capacitor CT connected to a common 
terminal 29. It should be appreciated that the storage element 
could be a battery instead of a capacitor, and that the capacitor 
CT is used for illustrative purposes, only. 

The energy stored in capacitor CT may be distributed in 
several different ways as illustrated in Fig. 8. Assume, for 
example, that the voltage produced on CT has a value of 24 volts. 
This voltage may be applied to a DC to DC converter 81 which could 
convert the 24 volts to, for example, 3000 volts for transmission 
to a remote site. For example, the PEG and its associated power 
conversion circuitry, including capacitor CT and converter 81, may 
be located offshore (e.g., in some body of water whose movement 
stresses the PEGs) and output lines 85 from converter 81 can carry 
the 3, 000 volts to an on shore facility. in a similar manner, the 
output across CT produced at terminal 80 may be applied to an 
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inverter circuit 91 to produce a 117 volts 60 cycle AC voltage 
which may be carried via lines 95 from the offshore electricity 
producer to a remote on shore electricity user. 

In conjunction with a local or remote energy storage means 
such as a battery or a capacitor bank, or storing the charge 
produced by one or more PEGs, it may be necessary to include a 
charge control circuit 93 to either disable energy collection or 
bypass excess energy to a load such as a heating element. This 
would function to prevent damage to the storage device in the event 
of an over voltage or excessive energy condition. 

In the circuits of Figs. 1, 2, 4, 5 and 7, the switching 
element SI, which may be an SCR or transistor, is connected between 
the inductor LI and the capacitor CI. 

It should be noted that, as shown in Fig. 9, the switching 
element, SI, can be connected between terminal 18 and one end of 
the inductor LI at node 101, with the inductor being connected 
between the switching element and one end of the capacitor CI at 
terminal 24. In this configuration, it is desirable to have a 
diode D101 connected between the other end of CI, which is 
connected to ground, and node 101. A control circuit 103, similar 
to the peak detector and/or amplitude detector described above, is 
then connected to the control electrode 105 of the switching 
element si to control its turn-on and turn-off. The control 
circuit 103 senses the voltage at terminal 18, as discussed above, 
to produce a turn-on and/or turn-off signal to the switching 
element si. The switching element SI may be an SCR as shown in 
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Fig. 9A or a field effect or bipolar transistor as shown in Figures 
9B and 9c, respectively. 
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WHAT IS CLAIMED IS: 

1. A combination comprising: 

a piezoelectric generator (PEG) having first and second 
terminals across which an electrical signal is generated when the 
PEG is stressed; 

means coupling a switch means in series with an inductor and 
a charge storage means across the first and second terminals of the 
PEG; and 

means coupled to said switch means for selectively enabling 
said switch means and causing the inductor and charge storage means 
to be connected in circuit with said PEG for absorbing and storing 
the electrical energy generated by the PEG. 

2. A combination as claimed in claim 1, wherein said means coupling 
said switch means in series with an inductor and a charge storage 
means includes: 

rectifying means having an input means coupled across said 
first and second terminals of said PEG and having an output means 
for producing thereat a rectified output signal corresponding to 
said generated electrical signal; and 

means connecting the switch means in series with the inductor 
and the charge storage means across the output means of the 
rectifying means. 

3. A combination as claimed in claim 2, wherein said means coupled 
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to said switch means for selectively enabling said switch means 
includes means for sensing the amplitude of the voltage at the 
output of the rectifying means and in response to the amplitude of 
the voltage attaining a certain value for then enabling said switch 
means; and 

wherein said charge storage means is a capacitor. 

4. A combination as claimed in claim 3, wherein said means for 
sensing the amplitude of the voltage at the output of the 
rectifying means includes means for sensing when the amplitude of 
the voltage has peaked and for then producing a turn-on pulse to 
said switch means . 

5. A combination as claimed in claim 3, wherein said means for 
sensing the amplitude of the voltage at the output of the 
rectifying means includes: 

<a) means for sensing when the amplitude of the voltage has 
peaked and for then producing a turn-on pulse to said switch means; 
and 

(b) means for sensing when the amplitude of the voltage has 
exceeded a predetermined value for then producing a turn-on pulse 
to said selectively enabled switch means. 

6. A combination as claimed in claim 3, wherein said rectifying 
means includes a full wave rectifier having first and second 
rectifier input terminals respectively connected to said first and 
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second terminals of said PEG, and having first and second rectifier 
output terminals; with said switch means and said inductor and 
capacitor being connected in series across said first and second 
rectifier output terminals. 



7. A combination as claimed in claim 6, wherein said switch means 
is a silicon controlled rectifier (SCR) , having an anode and a 
cathode defining the main conduction path of the SCR, and having a 
control electrode for controlling the turn-on of the SCR; 

wherein the anode-to-cathode path of the SCR is connected in 
series with the inductor between the first rectifier output 
terminal and a power output terminal; and 

wherein said capacitor is connected between said power output 
terminal and the second rectifier output terminal. 



8. A combination as claimed in claim 7 , wherein said means coupled 
to said switch means for selectively enabling the switch mens 
includes a control circuit connected between the first rectifier 
output terminal and the control electrode of the SCR. 

9. A combination as claimed in claim 8, wherein the control circuit 
includes means for sensing when the amplitude of the voltage at the 
first rectifier output terminal has peaked and for then producing 
a turn-on pulse which is applied to the control electrode of the 
SCR for enabling the SCR to conduct until the current therethrough 
decreases below the holding current of the SCR. 
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10. A combination as claimed in claim 6, wherein said switch means 
has a main conduction path and a control electrode, said inductor 
has a conduction path and said capacitor has first and second 
plates; wherein the main conduction path of the switch means is 
connected in series with the conduction path of the inductor 
between the first rectifier output terminal and the first plate of 
the capacitor and wherein the second plate of the capacitor is 
coupled to the second rectifier output terminal. 

11. A combination as claimed in claim 10, wherein said means 
coupled to said switch means for selectively enabling the switch 
mens includes a control circuit connected between the first 
rectifier output terminal and the control electrode of the switch 
means . 

12. A combination as claimed in claim 10 wherein the switch means 
is a transistor. 

13. A combination as claimed in claim 11 wherein one end of the 
conduction path of the inductor is connected to the first 
rectifying output terminal and wherein the main conduction path of 
the switch means is connected between the other end of the 
conduction path of the inductor and the first plate of the 
capacitor . 

14. A combination comprising: 
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a piezoelectric generator (PEG) having first and second 
terminals across which an electrical signal is generated when the 
PEG is stressed; 

rectifying means having an input means coupled across said 
first and second terminals of said PEG and having an output means 
for producing thereat a rectified output signal corresponding to 
said generated electrical signal; 

selectively enabled switch means connected in series with an 
inductor and a charge storage means across the output means of the 
rectifying means; and 

means coupled between said rectifying means and said 
selectively enabled switch means for sensing the amplitude of the 
voltage at the output of the rectifying means and in response to 
the amplitude of the voltage attaining a certain value for then 
enabling said switch means and causing the inductor and charge 
storage means to be connected in circuit with said PEG for 
absorbing and storing the . electrical energy generated by the PEG. 

15. A combination as claimed in claim 14 wherein the charge storage 
means is a capacitor* 

16. A combination comprising; 

a piezoelectric generator (PEG) having first and second 
terminals across which an electrical signal is generated when the 
PEG is stressed; 

an inductor; 
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a capacitor; 

a selectively enabled switching means; and 

means for coupling said selectively enabled switch means in 
series with said inductor and in series with said capacitor across 
the first and second terminals of the PEG. 

17. A combination as claimed in claim 16, wherein said means for 
coupling said switch means, said inductor and said capacitor across 
said first and second terminals of the PEG includes a rectifying 
means having an input means coupled across said first and second 
terminals of said PEG and having an output means for producing 
thereat a rectified output signal corresponding to said generated 
electrical signal; and 

wherein said selectively enabled switch means is connected in 
series with said inductor and said capacitor across the output 
means of the rectifying means. 

18. A combination as claimed in Claim 17, wherein said selectively 
enabled switch means includes means coupled to the output means of 
said rectifying means for sensing the amplitude of the voltage at 
the output of the rectifying means and responsive to the amplitude 
of the voltage attaining a certain value for then enabling said 
switching means and causing the inductor and capacitor to be 
connected in circuit with said PEG for absorbing and storing the 
electrical energy generated by the PEG. 
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19. The combination as claimed in claim 18, wherein said means for 
sensing the amplitude of the voltage at the output of the 
rectifying means and responsive to the amplitude of the voltage 
attaining a certain value includes means for sensing when the 
amplitude of the voltage has peaked and for producing a turn-on 
pulse to said selectively enabled switch means in response to the 
amplitude of the voltage decreasing from the peak value. 

20* The combination as claimed in claim 18, wherein said means 
for sensing the amplitude of the voltage at the output of the 
rectifying means and responsive to the amplitude of the voltage 
attaining a certain value includes: 

(a) means for sensing when the amplitude of the voltage has 
peaked and for producing a turn-on pulse to said selectively 
enabled switch means in response to the amplitude of the voltage 
decreasing from the peak value; and 

(b) means for sensing when the amplitude of the voltage has 
exceeded a predetermined value for then producing a turn-on pulse 
to said selectively enabled switch means. 

21. The combination as claimed in claim 18, wherein said rectifying 
means includes a full wave rectifier having first and second 
rectifier input terminals respectively connected to said first and 
second terminals of said PEG , and having first and second rectifier 
output terminals; with said switch means and said inductor and 
capacitor being connected in series across said first and second 
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rectifier output terminals. 

22. The combination as claimed in claim 21, wherein said 
selectively enabled switch means is a silicon controlled rectifier 
(SCR), having an anode and a cathode defining the main conduction 
path of the SCR , and having a control electrode for controlling the 
turn-on of the SCR; 

wherein the anode-to-cathode path of the SCR is connected in 
series with the inductor between the first rectifier output 
terminal and a power output terminal; and 

wherein said capacitor is connected between said power output 
terminal and the second rectifier output terminal. 

23. The combination as claimed in claim 22, wherein said means 
coupled between the output of the rectifying means and the 
selectively enabled switch mens includes a control circuit 
connected between the first rectifier output terminal and the 
control electrode of the SCR. 

24. The combination as claimed in claim 23, wherein the control 
circuit includes means for sensing when the amplitude of the 
voltage at the first rectifier output terminal decreases below a 
previous peak to then produce a turn-on pulse which is applied to 
the control electrode of the SCR, whereby the SCR continues to 
conduct until the current therethrough decreases below the holding 
current of the SCR. 
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